Magnetic transition and magnetic structure of Sr 4 Ru 3 Oio 
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We have investigated the magnetic transition and magnetic structure of triple-layered ruthen- 
ate Sr4Ru30io directly using neutron scattering techniques. Only one ferromagnetic phase is ob- 
served, and previously proposed antiferromagnetic phase transitions are ruled out. The complex 
anisotropic magnetotransport, magnetization and in-plane metamagnetic behaviors of this quasi 
two-dimensional (2D) material are most likely due to magnetic domain processes with strong mag- 
netocrystalline anisotropy and a strongly anisotropic demagnetization factor. 

PACS numbers: 71.27.+a,75.25.+z,75.60.Ch,75.30.Kz 
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Strontium ruthenates of the Ruddlesden-Popper (RP) 
series, Sr n+ iRu n 03„+i, exhibit a rich variety of fasci- 
nating physical properties, such as unusual spin-triplet 
superconductivity in S^RuC^ {n=l) [jj, |3, LI L| , metam- 
agnetic quantum criticality in S^R^Oy (n=2) 
and itinerant ferromagnetism in SrRuC>3 (n—oo ) 
They have played a pivotal role in the past decade in 
the study of novel physics of strongly correlated electron 
systems. Si"4Ru30io is the n=3 member of the RP series 
with triple layers of corner shared RuOg octahedra sepa- 
rated by SrO rock-salt double layers. While Sr^RuO^ and 
Sr3Ru2C>7 are close to magnetic instabilities |l(lll lLll'2j . 
bulk magnetization studies of S^RusOio provide evi- 
dence for true long-range ferromagnetism with Tc ~ 105 
K El El, lower than that seen in SrRu0 3 (T c f» 160 K) 
0,0]. The ferromagnetism in this material exhibits very 
unusual anisotropic properties under applied magnetic 
fields. Magnetization curves are distinctly different for 
magnetic fields applied along the c axis and in the basal 
plane, and an additional transition at T* w 50 K has 
been indicated 0, Q] . Below T* , a metamagnetic tran- 
sition is induced by a magnetic field applied in the plane. 
Very unusual transport properties, including ultrasharp 
magnetoresistivity steps and a non-metallic temperature 
dependence of resistivity, have been observed near this 
transition EH- I n addition, strong magnetoelastic cou- 
pling has been observed in this material. 

E3 

It has been proposed that in S^RusOio the Ru mag- 
netic moments are canted; the c-axis components order 
in a ferromagnetic transition at Tc ~ 105 K, while the in- 
plane components order in a separate antiferromagnetic 
transition at T* w 50 K El E3- Within this picture, 
the metamagnetic transition is thought to be a transition 
from an antiferromagnetic to a ferromagnetic arrange- 
ment for the in-plane moment components. We have 
performed direct measurements of the magnetic struc- 
ture in Sr4Ru30io by neutron scattering, which yields 



a result that is inconsistent with this proposed mag- 
netic picture. We find only a ferromagnetic transition 
at Tc — 100 K with a normal order parameter and with 
an easy axis lying in the ab plane. This observation, to- 
gether with magnetotransport and magnetization mea- 
surements, strongly suggests that the metamagnetic be- 
havior for H / jab results from strong magnetocrystalline 
anisotropy and ferromagnetic domain formation. Our re- 
sult clarifies the metamagnetic behavior in the ferromag- 
netic state of Sr4Ru30io, which has been a longstand- 
ing puzzle. This finding is of fundamental importance 
in understan ding other novel properties in this class of 
materials |l5l Il6f . 

Single crystals of Sr 4 Ru30io used for this study were 
grown using a floating zone technique. The high quality 
of the crystals is indicated by the small residual resistivity 
in the 1.5-6.0 /ifl-cm. range |l5) . The tiny orthorhombic 
distortion of the Pbam crystal structure [13] is negligi- 
ble for this work, and we use the IA/mmm tetragonal 
unit cell to label the reciprocal space with dimensions of 
a = b = 3.895 and c = 28.46 A at 70 K. Samples used in 
this neutron scattering work at NIST are thin plates with 
the shortest dimension along the c-axis. A 0.1 g sample 
was oriented to investigate the (hhl) zone in reciprocal 
space and a 0.4 g sample for the (hOl) zone. A small 
amount of SrRuC>3 intergrowth was observed in our ex- 
periments, which can be easily separated by its very dif- 
ferent lattice parameter c = 7.86A Both triple-axis and 
two-axis modes of the thermal triple-axis spectrometer 
BT9 were used with neutrons of energy E = 14.7 meV. 
The collimations were 40-48-44 in the two-axis mode, and 
40-48-44-80 in the triple-axis mode. Pyrolytic graphite 
filters of 10 cm total thickness were used to reduce higher 
order neutrons. Sample temperature was regulated by a 
closed cycle refrigerator in zero field experiments, and 
by a 7 T superconducting cryomagnet in magnetic field 
experiments. 
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FIG. 1: Magnetic Bragg peaks coincide with structural Bragg 
peaks in Sr4Ru30io. (a) Scans along the interlayer direction 
through the (008) Bragg peak at 10 and 110 K. (b) Tem- 
perature dependence of the (008) Bragg peak, showing the 
magnetic transition at Tc = 100 K. (c) Difference scans in 
the same unit as (a), representing magnetic Bragg intensities 
at (006) and (101). 



Fig. nja) shows the (008) Bragg peak of S^RusOio 
measured at 10 and 110 K. The enhanced intensity at 
low temperature is due to the magnetic transition at 
Tc = 100 K. The resolution-limited peak width re- 
mains the same at low temperature and above Tc, in- 
dicating stacking of the RuOg and SrO layers according 
to the crystal structure to form a macroscopic crystal, 
and a magnetic transition in the whole crystal. Scans, 
covering an area larger than a Brillouin zone, in both 
the (hhl) and (hOl) reciprocal zones, detected no addi- 
tional temperature-dependent magnetic Bragg peaks, ei- 
ther commensurate or incommensurate. Hence, the mag- 
netic structure in Sr4Ru30io follows the same symmetry 
of the crystal structure. Antifcrromagnetic structures, 
such as layers of Ru moments stacking alternately along 
the c axis |l6j, are forbidden. 

Fig. njb) shows the temperature dependence of the 
(008) Bragg peak, which serves as the squared magnetic 
order parameter of the phase transition. The order pa- 
rameter behaves normally below Tc — 100 K. In par- 
ticular, it does not exhibit either extra enhancement at 
T* w 50 K as in the c-axis magnetization measurement, 
or a sharp drop below T* as in the in-plane magneti- 
zation 0, Thus, the anomalies around 50 K in 
bulk magnetization measurements arc not likely due to 
another magnetic transition in Sr^RtiaOio, which is con- 
sistent with the fact that the specific heat of this material 
shows no anomaly at 50 K |l7lll8l|. 

Although the proposed antiferromagnctic arrangement 
is excluded by the selection rule for magnetic Bragg 
peaks, it is still interesting to investigate the magnetic 
order parameter under magnetic field. The 0.1 g sam- 
ple was mounted in a cryomagnet with magnetic field 
along the [110] direction. Fig. E] shows the (008) Bragg 
intensity at 5.8 K with magnetic field ramping up (solid 
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FIG. 2: Dependence of the (008) Bragg peak at 5.8 K on 
magnetic field applied along the in-plane [110] direction. The 
solid circles are for field ramping up, and open circles for 
ramping down. Inset: Scans through the allowed (008) or 
the forbidden (009) peak at B=0 (solid diamonds) and 6.5 T 
(open circles). 



circles) and down (open circles). No first-order metam- 
agnetic transition like that in the magnetization |l4| was 
observed. The Bragg peak profile below and above B c 
also remains the same, as shown for scans at 5.8 K for 
B=0 (solid symbols) and 6.5 T (open symbols) in the in- 
set to Fig. E] Similarly, no field effect can be detected in 
either the profile or intensity of the (008) Bragg peak at 
18, 40 and 65 K. The magnetic field also does not induce 
extra intensity at forbidden peaks, such as (009), (see 
inset to Fig. (2J. 

The neutron scattering cross section from a magnetic 
structure is given by [l9| 
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where (7r /2) 2 = 0.07265 barns//^, f(q) is the atomic 
form factor of the Ru ion 0, E3 , q the unit vector of q, 
and J-fj, (q) the /ith Cartesian component of the magnetic 
structure factor per Sr4Ru30io- The factor (S^u — q^q^) 
in Eq. dictates that only magnetic moment compo- 
nents which are perpendicular to the neutron wave- vector 
transfer, q, contribute to magnetic neutron scattering. In 
particular, if the Ru magnetic moments actually pointed 
along the c-axis then the magnetic intensities would van- 
ish at Bragg points (00/) where I is an even integer; thus 
magnetic intensity at peaks such as (008) in Fig. U a nd El 
rules out this proposed ferromagnetic structure [111 Il4j . 
Furthermore, the field independent (008) Bragg intensity 
as shown in Fig. E] rules out a canted magnetic struc- 
ture with a c-axis component which rotates to the basal 
plane for B > -B c ^(|. Instead, magnetic moments arc 
aligned in the basal plane, and thus the rotation of the 
moments to the (110) direction when the field B > B c 
would not change the neutron scattering cross section. 
This conclusion is consistent with the easy axis of the 
related compound SrRuOa, which lies in the basal plane 
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0, |2(|. In addition, the demagnetization factor of the 
plate-like S^Ru^ Oin samples also favors the in-plane mo- 
ment orientation[2l|. 

It is well known for ferromagnetic materials that the 
bulk magnetization does not directly reflect the mag- 
netic order parameter due to domain formation when 
the magnetic field is below a certain strength . Com- 
plex anisotropic behaviors in magnetic field can be in- 
duced by domain processes due to strong magnetocrys- 
talline anisotropy, demagnetization factor, magnetostatic 
energy, magnetostriction and mutual interaction between 
the magnetization and the external field [2ll E3 |. For 
example, SrRuOs has a very strong magnetocrystalline 
anisotropy. The internal crystalline anisotropy field is 
about 2T for the pseudo-cubic SrRuOs, with easy axis 
along the [110] directions ||. In the pseudo-tetragonal 
SrRuC"3, the easy axis lies along [100], while the c-axis is 
a direction of medium magnetization with the spin-flop 
field at 1.5 T (2jj. Substantial magnetic field is required 
to line up magnetic moments of domains. Since the local 
environment for Ru in Si^RuaOio is similar to that in 
SrRuOs, it is not unrealistic to expect a similarly strong 
magnetocrystalline anisotropy in Sr4Ru3 0io, and com- 
plex magnetic behaviors can be understood within such 
a domain picture. 

In Fig. |31 we present the magnetization loop for 
Sr4Ru30io for in-plane and out-of- plane field orien- 
tations. Consistent with the previously reported re- 
sults [T3L ITij] . the magnetization curve is extremely 
anisotropic. For H/ /c, the remnant magnetization is al- 
most equal to the saturated magnetization and the mag- 
netization curve shows discontinuous jumps in the second 
and fourth quadrants, in sharp contrast with zero rem- 
nant magnetization for H//ab. The out-of-plane field 
leads to behavior consistent with typical ferromagnets, 
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FIG. 3: Magnetization loop for Sr4Ru30io for in-plane and 
out-of-plane field orientations. Inset at lower right: schematic 
of field rotation with respect to the c-axis for the electrical 
transport measurement. Inset at upper left: the polar angle 
dependence of the in-plane resistance. All samples used in 
this work are from the same batch. 



and the larger magnetization is tempting for assigning 
the c-axis as the easy axis of magnetization. However, 
our neutron experiment demonstrates that the easy axis 
of Sr4Ru30io lies in the a6-plane. In addition, the in- 
plane field behavior is atypical for a ferromagnet and 
resembles a metamagnetic transition at ~2.5 T. But our 
neutron scattering experiment (see Fig. 0) does not de- 
tect any increase in magnetic order parameter near 2.5 
T. Thus, the metamagnetic behavior for H//ab cannot 
be interpreted as the Stoncr transition as in SrsRi^Oy 

sua 

Magnetic domains form in Sr4Ru30io, like in any siz- 
able ferromagnet. Cancellation of magnetization of do- 
mains with different in-plane easy axes is responsible for 
the low magnetization at low in-plane field, and a large 
field of 2.5 T is required to induce spin-flip and spin-flop 
in this material of strong magnetocrystalline anisotropy, 
as in SrRuOs • The energy barrier between the c-axis 
and an easy axis is likely much lower than that between 
two easy axes in the basal plane, which explains the eas- 
ier alignment of moments along the c-axis. This domain 
picture is also consistent with the angular dependence of 
in-plane magnetoresistance of Sr4Rii30io, see insets in 
Fig.0 When the 0.5 T applied field rotates from the ab- 
plane (9 = n/2) toward the c axis (6=0), the magnetore- 
sistance exhibits a sharp jump at ~20 degree away from 
the afr-plane, indicating a first-order process in which the 
in-plane magnetization vectors of magnetic domains flop 
to the c-axis. 

Now let us turn to the determination of microscopic 
magnetic structure of S^RusOio- The same symmetry 
for the magnetic structure as the crystalline one requires 
ferromagnetic alignment of magnetic moments within a 
Ru layer. Thus the exchange interactions between mo- 
ments within the plane should be ferromagnetic, instead 
of antiferromagnetic as suggested in the Raman work 
|l(ll ] . The same symmetry requirement also dictates iden- 
tical magnetic arrangements in every RuOe triple-layer 
building block. With the moment oriented in the plane, 
what remains to be determined for the magnetic struc- 
ture, then, is the relative magnitude and angle of mag- 
netic moments in the three neighboring layers of a build- 
ing block. The relation between magnetic moments in 
the two outer layers are further constrained by the sym- 
metry. Therefore, the magnetic moments at the a site of 
the IA/mmm or Pbam space- group in the center plane 
and at the e sites of the two outer planes can be generally 
written as 

M e i = aM[x cos(/3) + y sin(/3)] (2a) 
M a = Mx (2b) 
M e2 = aM[x cos(/3) - y sin(/3)] , (2c) 

where M is the moment size at the a site, a a num- 
ber, (3 the angle between moments in the nearest neigh- 
bor planes, and x and y are mutually perpendicular unit 
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TABLE I: Magnetic Bragg cross-section, a bs, observed at 
10 K in barns per S^RuaOio- The theoretical cross-section, 
07, in the same units, is calculated for the collinear magnetic 
structure using a = 0.44, /3 = and M = 1.85(2)/xb/Ru 
in Eq. 0. an is calculated for the non-collinear magnetic 
structure using a = 0.60, (3 = 29° and M = 1.59(l)/i B /Ru in 
Eq. |_Fs| 2 is the squared structure factor for the crystal 
structure in barns per S^RugOio- 
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vectors in the basal plane. The average moment, as mea- 
sured by a magnetometer, is M ave = M[l + 2acos(/3)]/3, 
provided that the applied magnetic field does not alter 
(3. 

To determine the free parameters in Eq. J5J), a set of 
magnetic Bragg intensities was measured. A couple of ex- 
amples are shown in Fig. ^ The magnetic cross sections 
of S^RujOio can be conveniently determined through 
the relation, 

. . 7(10*0 - 1(110*0 ,„ , , |2 
<Wq) = j( lia y) l F s(q)| 2 , (3) 

where 7s(q) is the known structure factor per S^RujOio 
of the structural Bragg peak at q 0] . These are listed 
in Table I. For (103), (105) and (107), the scattered 
neutron beam was nearly parallel to the sample plate, 
and the measured 7(11070 cannot be properly accounted 
for by the squared structure factor 7s | 2 due to extinc- 
tion/absorption. Therefore, a a b s for them in Table I are 
not reliable. Among the remaining Bragg peaks, (002), 
(006), (008), (0,0,10) and (101) gain more than 10% in- 
tensity at low temperature due to the ferromagnetic tran- 
sition. 

The simplest magnetic structure consistent with 
Eq. J5J) is the one with identical magnetic moments 
for the Ru ions, namely, (a, (3) = (1,0) in Eq. 1(2}, or 
M e i = M a = M e 2. For this magnetic structure, Eq. 
is reduced to 

^(q)=(^) 2 ^f^l^(q)| 2 , (4) 

where (3 is the angle between q and the c axis, and equal 
populations of magnetic domains are assumed for the 



zero field experiments. However, Eq. does not pro- 
vide a good description of the measured <j b s ■ The x 2 can 
be reduced by a order of magnitude in a least-squares fit 
of <J ous to Eq. with unrestricted a and (3 for the mag- 
netic model in Eq. ©. Both (a,f3)i = (0.44,0) and (0.6, 
29°)// with x 2 ~ 21 best fit the data, and an arc con- 
necting them in the a- [3 plane offer a slightly inferior fit. 
Hence, there is no unique result. In Table I we present 
theoretical cross sections 07 for the collinear magnetic 
structure {a, (3) = (0.44,0) with M = 1.85(2) /xs/Ru, 
and an for the non-collinear structure (0.6, 29°) with 
M = 1.59(1) /zb/Ru. Using a subset of a b s in Table I 
with 1(1070/1(11070 > I- 1 , or including data of larger 
uncertainty in the least-square fit does not affect the re- 
sults. The average moments of the two magnetic models 
are M ave — 1.2 and 1.1 /^s/Ru respectively, both com- 
parable to the experimental value shown in Fig. [3J 

In summary, we found only one magnetic transition at 
100 K with easy axis in the basal plane for Si^RuaOio- 
No additional antifcrromagnetic transitions are observed. 
Our experiments strongly suggest that the complex mag- 
netotransport, magnetization and metamagnetic behav- 
iors results from magnetic domain processes in this quasi 
2D material of strong magnctocrystallinc anisotropy. 
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